The denV gene from bacteriophage T4, which codes for endonudease V, a small DNA repair enzyme, has been cloned and Identified by an approach combining DNA sequencing and genetics, Independent of the phenotypic effect of the cloned gene. Appropriate OenV + and DenV" deletion mutants were mapped physically to define precisely a region encompassing the denV gene. This region was sequenced in order to Identify a protein-coding sequence of the correct size for the denV gene (400-500 bp). Finally, Identification was confirmed by sequencing the corresponding fragments cloned from four genetically and phenotypically well-characterized denV mutants. The denV gene 1s located at 64 kb on the T4 genome, adjacent to the 1 pi I gene, and codes for a basic protein of 138 amino adds with a deduced molecular weight of 16,078.
INTRODUCTION
The denV gene of bacteriophage T4 confers enhanced resistance to ultraviolet light (UV) and is largely responsible for the difference 1n UV resistance between T4 and the other T-even phages (1). The gene codes for endonuclease V, a 16,000 dalton excision repair enzyme (2) with pyrimidine d1mer-DNA glycosylase and apyr1mid1nic-site endonuclease activities (2,3) which act sequentially to Introduce a nick Into the damaged strand at the site of the lesion, leaving the pyrimidfne dimer attached to the DNA by a single glycosidic bond on the 3'-side of the nick (3). Although endonuclease V has no catalytic activity against unirradiated DNA (4), its processive mode of action suggests that 1t 1s able to bind to undamaged DNA (5). The enzyme has also been reported to be Involved 1n heteroduplex recombination (6) and packaging of phage DNA (7) in T4-1nfected Escherichia coii.
Experiments with permeabilized £. coll cells have shown that endonuclease V is able to complement defects 1n the endogenous uvrA.B.C excision repair system (8). More remarkably, endonuclease V has been reported to restore excision repair 1n permeabilized (9,10) or disrupted (11) human fibroblasts from most of the complementation groups associated with the hereditary UV-repair deficiency, xeroderma pigmentosum. The denV gene 1s thus a good candidate for restoration of excision repair of UV damage in both prokaryotic and eukaryotic cells.
Lloyd and Hanawalt (12) reported conversion of Uvr~ £. coli cells to wild-type levels of UV resistance by transformation with plasmids containing Sail or XJ10I restriction fragments from the denV region of the T4 genome followed by selection of the transformants with UV Irradiation. The plasmids Isolated by this procedure were not extensively characterized and were not shown to transfer UV resistance except with concomitant reselection with UV. After repeated unsuccessful attempts to clone the gene from purified T4 DNA fragments by UV selection, we adopted an approach Independent of the phenotypic effect of the cloned gene, relying instead on a combination of DNA sequencing and classical genetics. Here we describe the successful identification of the denV gene by this approach.
MATERIALS AND METHODS
Strains of T4 and E. coll T4 phage DNA containing cytosine (dC-T4) instead of glucosylated hydroxymethyl cytosine (GHMC) was obtained from a 56 denA denB alc8 T4 strain grown 1n I. coll strains K803 and B834, all gifts of R. Marsh (13 Because the mutations responsible for incorporation of C in place of GHMC 1n this DNA were leaky 1n our hands, digests of dC-T4 DNA were seldom complete, although In most cases complete digestion products predominated. GHMC-T4 DNA was digested either partially or to completion with TagI, E_coRV, or Ahalll. Fragments from complete digests to be used as hybridization probes, or to be cloned in pBR322 (18), were recovered from agarose or acrylamide gels by electro-elution Into dialysis bags, and when necessary, purified free of soluble gel material by DE52 chromatography (19) . Partial digests for cloning were size-selected on sucrose gradients (19) and the fraction corresponding to 
RESULTS

Physical Mapping of the denV Gene with Deletion Mutants
On the basis of genetic crosses, the denV gene had been placed between the regB gene and the 1 pi I gene, at approximately 62 kb on the physical map UV-survival curves of DenV + and DenV" deletion mutants. Dilute stocks of wild-type, T4vl, and farP strains were Irradiated and plated for counting as described in~M~ater1als and Methods. (24) . However, neither the genetic mapping data nor the assigned location of the reference genes on the physical map seemed reliable enough to form the basis for a major sequencing effort. Accordingly, we first undertook physical mapping of the denV gene, using the deletion mutants farP12, farP13, and farP23, which are missing both the _tk^ gene and the regB gene (14) , located approximately at 60 kb and 61 kb, respectively, on the physical map (24, 25) . UV-surv1val curves for these three strains ( Figure 1) show that farP12 and farP23 resemble the wild-type T4D strain, while farP13 resembles the wellcharacterized DenV" strain T4v^ (1), confirming the observation of D. Hall (personal communication).
The end-points of these deletions were mapped by dot-blot hybridization with a variety of restriction fragments from the 60-65 kb region on the T4 genome ( Figure 2B ).
Autoradiograms of these dot blots and the resulting deletion maps are shown 1n Figures 2A and 2B , respectively.
In all three strains, sequences to the left of 61.7 kb on the restriction map ( Figure 2B ) are missing, as expected from the established RegB" phenotype.
The right-hand end-points of the deletions in the DenV + strains farP12 and farP23 are both between 61.7 kb and 62.1 kb on the restriction map.
The deletion 1n the DenV-strain farP13 extends 2-3 kb further, ending between 64.0 kb and 64.8 kb. These results indicate that the denV gene cannot extend to the left of the AhaJII restriction site at 61.7 kb, and that either the gene or an essential control element must fall at least partly to I I IMIII;
Figure 2. Mapping of DenV + and DenV" deletions. Phage stocks were spot blotted and hybridized to T4 probes as described 1n Materials and Methods. A) Autoradiogram of spot blots. The numbers refer to probe fragments shown on the acccompanying map. B) Restriction map of the 60-65 kb region of the T4 genome, showing the location of the fragments used as hybridization probes, the extent of the farP deletions, and the location of the denV gene. Probes 1-5 and 11 were derived from cloned fragments resulting from partial Hindi 11 or EcoRI digests of T4 DNA; probes 6-10 were derived from a gel-purified 4 kbThoI fragment.
The probes were: 1, 1.8 kb/EcoRI; 2, 1.9 kb/EcoRI; 3, 0.7~E/EcoRI; 4, 1.5 kb/Hindlll; 5, 0.95 kb/PvuII-riTnBlII; 6, 1.8 kb7x"FoIEcoRI; 7,~2T2 kb/EcoRI-XholT~8, 0.7 kb/XhoI-H1ndTlI;~9T0.6 kb/Hindlll ;~T0, U76" kb/Hindlll-EcoTUT 11715.4 kb/EcoRI-AhTnirtblal dC-T4 DNA.
the left of the Hindi 11 restriction site at 64.8 kb.
Identification of denV Gene Candidates by Size
We have determined the sequence of a continuous stretch of nearly 6000 bp (59-65 kb) of the T4 genome (manuscript in preparation), encompassing the region defined by deletion mapping of the denV gene (above). We Identified eight, closely spaced, protein-coding sequences (PCS's) In the region from tural stability (17), the mutation is expected to be in the structural gene Itself. The replacement of glycine with aspartate might be expected to alter the charge properties and hence the stability of the protein.
Using the same approach, we have also identified the mutation 1n the T4vl strain (1), a deletion of a single T in codon 83, resulting in a frameshift mutation (Figures 3 and 4c) . The new reading frame has an amber (TAG) stop codon 100 bp downstream from the site of the mutation. The resulting protein of about 13,500 daltons would be expected to have a normal ami no-terminus through amino acid 82, attached to a hydrophobic tail of 33 amino acids. The amino add sequence of endonuclease V can be deduced from the DNA sequence of the denV gene and 1s included 1n Figure 3 . As expected for a DNAbinding protein, endonuclease V is moderately basic, with a net charge of +5 and an unusual abundance of arginine residues (12 out of 138 residues, compared to 10 lysine residues and 17 acidic residues). Five of the arginine residues are adjacent to lysine residues, forming several concentrations of positive charge in the amino-terminal half of the molecule. Preferential codon usage for arginine (12/12 encoded by CGT) as well as for other amino adds is consistent with the pattern reported for genes expressed at a high level (33) , suggesting that It may be possible to obtain high levels of expression of the cloned gene.
The base changes found in several of the mutant strains, together with their functional properties, afford some Insight into the molecular basis of endonuclease V activity. The tryptophan which 1s affected by the mutation 1n uvs!3 is a part of the unusual sequence trp-tyr-lys-tyr-tyr. Suppression of uvs!3 in E_. coli CR63 (SupD), which Inserts serine at the TAG codon (34) , results in partial restoration of glycosylase but not endonuclease activity (16) , while suppression of uvsS 1n this strain restores both activities (16) . Trp 128 may thus be part of the endonuclease catalytic site. Apurinic and apyr1midinic-s1te endonuclease activity has been reported for simple model tripeptides of the structure lys-trp-lys (35-37) and lys-tyr-lys (36) . These observations further support the evidence already reported (2, 3) , that the denV gene codes for a protein that has both an endonuclease as well as a glycosylase activity. The T4v_l protein, which presumably has a normal aminoterminal sequence through amino add 82, has been reported to interfere competitively with the action of wild-type endonuclease V 1n mixed infections (38) . The simplest explanation for this observation 1s that the T4vl, protein binds to and blocks substrate sites, suggesting that the amino-terminal portion of the molecule may be sufficient for DMA binding.
Our findings suggest a number of possible explanations for our difficulty 1n cloning the denV gene by conventional approaches. The region around 61 kb probably contains one or more deleterious genes, since we have been unable to clone the 15 kb SaU or Mol fragments spanning this region (25) . Moreover, in repeated experiments no clones spanning this region have been Isolated from T4 libraries generated by partial digestion with EcoRI, Hindlll, or Jac[I; and cloned small fragments such as the 0.7 kb £coRI fragment at 61.4-62.1 kb ( Figure 2B ) seem to be susceptible to rearrangement In vivo (32) . The denV gene itself contains restriction sites for EcoRI, Hindi 11. and XjioI/TagJ; if these are preferential sites, even partial digests with these enzymes might not contain many copies of the Intact gene. The sequencing data reported here were obtained from cloned EcoRI, Hindi 11, and Tag I fragments containing incomplete copies of the gene.
On the other hand, the structure of the gene Itself does not suggest anything exceptional about Its expression. The 5'-flank1ng sequence has an adequate r1bosome-b1nd1ng sequence (6 bases complementary to the 3'-terminal 16S rRNA-b1nd1ng sequence) (26) , and a promoter region with good homology to the -35 ^. coli consensus sequence (TGTT6ACA) (39) , but with a slightly unusual sequence at the presumed -10 position (ATACTAT), which is similar to a T4 late promoter consensus sequence (40) . However, the denV gene is reported to be expressed early in the T4 lytic cycle (41), and our results show that it is transcribed from the early (L) strand (42), indicating that the denV gene falls under the early gene category of T4 genes, but might have some promoter features allowing expression later during Infection.
Recent results from our laboratory with intact copies of the denV gene cloned in a variety of vectors confirm that it is capable of conferring UV resistance on UV-sens1tive E_. coli host strains (manuscript submitted). Further characterization of these UV-resistant clones 1s underway to determine the effect of the denV gene on t. coli DNA repair and DNA metabolism.
